codons are not used equally in many organisms, and the extent of codon bias varies among loci. Earlier studies have suggested that more highly expressed loci in Drosophila melunoguster are more biased, consistent with findings from several prokaryotes and unicellular eukaryotes that codon bias is partly due to natural selection for translational efficiency. We link this model of varying selection intensity to the population-genetics prediction that the effectiveness of natural selection is decreased under reduced recombination.
Introduction
Codon bias, the unequal usage of synonymous codons, occurs in many unicellular and multicellular organisms (Grantham et al. 1980, 198 1; Ikemura 1985; Shields et al. 1988 ). The extent of codon bias varies widely among loci within species and is positively associated with the level of gene expression in Escherichia coli (Gouy and Gautier 1982) ) Salmonella typhimurium (Sharp and Li 1987a) , Saccharomyces cerevisiae ( Bennetzen and Hall 1982) ) and Dictyostelium discoideum ( Sharp and Devine 1989) . Previous analyses of synonymous codon usage indicate that a species-specific set of optimal codons (or, conversely, the use of a subset of more common or otherwise preferred tRNAs) is selectively favored in highly expressed genes, where translational efficiency is critical (Ikemura 1985) . Less highly expressed genes have more even patterns of codon usage, reflecting a relatively reduced effect of natural selection. Shields et al. ( 1988) suggested, in summarizing several studies on gene expression, that this may also explain codon-bias variation among Drosophila melanogaster loci. These authors also found that variation among loci for the number of synonymous substitutions between Drosophila melanogaster and Drosophila pseudoobscura is negatively associated with codon bias levels.
The correspondence between the intensity of natural selection and the level of codon bias provides a test of a population-genetics prediction that natural selection is less effective against slightly disadvantageous mutations in regions lacking recombination. That is, the capacity of natural selection to determine nucleotide frequencies at multiple sites is predicted to be reduced if those positions are tightly linked (Felsenstein 1974) . In Drosophila melanogaster, recombination is reduced near the centromeres and telomeres and across the fourth chromosome (Hochman 1976; Lindsley and Sandler 1977; Ashburner 1989, p. 453 ) . Here, we show that codon bias is reduced, as expected, in these regions.
Material and Methods
We assessed codon bias in 385 Drosophila melanogaster loci for which the complete amino acid coding sequences were available in GenBank Release 72 and which have been mapped to specific polytene-chromosome regions. We calculated two codon bias indices for each gene: ( 1) the effective number of codons (ENC) (Wright 1990 ) and (2) the codon-adaptation index (CAI) (Sharp and Li 19873) . ENC measures deviation from equal usage of synonymous codons and can range from 20 (only one codon used throughout the gene for each amino acid) to 61 (the value that an infinitely long gene would have if all synonymous codons were used equally). CA1 reflects the usage of preferred codons for each amino acid and reaches a maximum value of 1 .O when only preferred codons are used in the gene. To calculate CAI, one needs estimates of the relative frequencies of codons used in highly biased genes; we used the frequencies reported by Shields et al. ( 1988) . For each amino acid, the codon used most frequently was assigned a relative frequency of 1, with all synonymous codons scaled accordingly. However, since we do not know whether insufficient sampling of sequences underestimated or missed certain codons, we have set the lower limit of relative frequency to 0.0 1 (Bulmer 1988) . Because of restrictions inherent to the calculation of the index, ENC could not be calculated for two short genes, MtnB and Mst87F. The inability to calculate ENC is most likely to occur for short genes and does not necessarily reflect low codon bias.
The database of Ashburner ( 1992 ) was used to develop the relationship between recombination-map position and DNA content. All D. melanogaster loci that have been placed on both the recombination map and the polytene-chromosome map were included. Polytene-chromosome positions were converted to cumulative DNA content for the X, second, and third chromosomes, by using the estimates of Sorsa ( 1988, pp. 83-105) . A curve was then generated for each chromosome by least-squares polynomial curve fitting. Recombination rate, as a function of distance along the chromosome, was estimated by taking the derivative of the polynomial for each chromosome.
Results
Codon-bias values and polytene-chromosome map positions of all genes used in this study are presented in the Appendix. The relationship between recombination rate and codon bias was examined first by comparing codon-bias levels in regions of known reduced recombination with the remainder of the genome. Regions of low recombination were defined as (a) the polytene-chromosome map sections adjacent to the centromeres of the X, sec.ond, and third chromosomes (sections 20,40-4 1, and 80-8 1, respectively);
(b) the areas adjacent to the telomeres of the X, second, and third chromosomes (sections 1, 2 1, 60-6 1, and 100) ; and (c) the entire fourth chromosome (sections 10 l-102) (Bridges 1935) . The difference is highly significant for both ENC and CA1 (table 1 and figure 1 ), consistent with the prediction that codon bias is reduced in regions of low recombination.
The statistical significance of these tests is not due to reduced codon bias in one particular region of reduced recombination. Average codon bias is noticeably reduced in the six centromeric genes (ENC = 55.2, CA1 = 0.226), the eight genes at the tip of the X chromosome (ENC = 53.2, CA1 = 0.3 lo), and the three genes on the fourth chromosome (ENC = 55.6, CA1 = 0.184). While average codon bias in the 23 genes in autosomal telomeric regions is much greater (ENC = 46.0, CA1 = 0.425), estimates of recombination rate in several of the polytene-chromosome regions associated with telomeres are also higher (see fig. 1 ). If we remove the autosomal telomeric genes from the analysis, given the possibility that they have been misclassified as undergoing little recombination, codon bias in regions of low recombination remains significantly lower than codon bias in the remaining loci (EN& = 54.3, ENChigh = 44.9, Kruskal-Wallis H = 29.0 14, P Q 0.0001; CAI,,, = 0.258, CAIhish = 0.439, Kruskal-Wallis H = 32.129, P G 0.000 1). It is interesting that genes located at the extreme tips of the autosomal telomeres (i.e., 1(2)gl, Kr, Map205, and mod), where recombination rates may drop off, also show very little codon bias (see Appendix).
We also considered recombination rate as a continuous variable, and we estimated nonparametric correlations with codon bias (see Appendix). Recombination rate for this analysis was calculated from the polynomials generated for each chromosome as described in Material and Methods (fig. 2) . It is unfortunate that estimates of recombination rate in those regions which we defined a priori as undergoing little recombination for the Kruskal-Wallis tests are probably inaccurate. As one can see in figure 2, the available data for loci located near autosomal telomeres do not indicate substantial reduction in recombination rate in these regions. While it is possible that finer mapping of the telomeres would verify low recombination, the curves modeled from the existing data produce estimates of telomeric recombination rates that overlap considerably with those from the rest of the genome ( fig. 3 ). Recombination rates for autosomal centromeric loci are also probably overestimates. Regions of nonrecombining heterochromatic DNA near the centromeres do not appear in polytene chromosomes because of underreplication in salivary gland nuclei (Ashburner 1989, p. 42) . Therefore, the smooth curves apparent near the centromeres of chromosomes 2 and 3 in figure 2 are misleading; if chromocenter DNA were included, it is likely that the curves would flatten more completely at the centromeres.
If we consider only the 345 loci in regions not thought to experience reduced recombination, there is no evidence of a quantitative relationship between codon bias and recombination rate [ ENC: Spearman's r, = -0.048, 34 1 degrees of freedom (df), P = 0.377; CAI: Spearman's r, = -0.005, 343 df, P = 0.9 191 ( fig. 3 ). If we choose to include all 385 loci in the analyses, ENC is correlated, in the expected direction, with recombination rate (Spearman's r, = -0.138, 38 1 df, P = 0.007), and the correlation between CA1 and recombination rate is very nearly significant (Spearman's r, = 0.099, 383 df, P = 0.053). However, statistical significance of these correlations is probably an artifact of the inclusion of low-biased loci from the regions of low recombination ( fig. 3 ) . Treating recombination rate as a class variable, as in the Kruskal-Wallis tests, is more appropriate in the absence of better estimates from the centromeres and telomeres.
Discussion

Evidence for Natural Selection
In several well-studied single-celled organisms, codon bias is positively associated with gene-expression levels (Bennetzen and Hall 1982; Gouy and Gautier 1982; Sharp and Li 1987a) . In Drosophila melanogaster and other multicellular organisms with complex life histories, measurement of gene expression-or that component of gene expression that might be acted on by natural selection-is problematic; however, there are two observations suggesting that variation in natural selection on codon usage is at least partly responsible for variation in codon bias among genes. First, synonymous substitution rates between Drosophila species are negatively correlated with codon bias (Shields et al. 1988 ). In addition, Shields et al. ( 1988) found that the most common codons found within each amino acid class within highly biased D. melanogaster genes end in either G or C. Moriyama and Gojobori ( 1992) found that Drosophila genes with high G+C or C levels in the third codon position evolve more slowly. These observations are consistent with a model in which natural selection limits codon usage in highly expressed genes and, thus, limits the possible synonymous substitutions that can occur as species diverge. Second, support for an explanation based on gene expression levels in D. melanogaster emerges from a summary of accounts of actual measurements of gene-expression levels of several D. melanogaster loci (Shields et al. 1988 ).
Despite supportive evidence from D. melanogaster, some uncertainty persists. The negative correlation between synonymous substitution rate and codon bias is also expected under a more general model in which some genes are more variable for codon usage, regardless of the actual mechanism that creates limits on codon usage. Similarly, the significance of the measurements of gene-expression levels summarized by Shields et al. ( 1988) is difficult to assess, because there are a small number of primarily nonquantitative reports. Our study addresses the role of natural selection by using a population-genetics approach. Several population-genetic models predict natural selection to be less effective under reduced recombination (Muller 1964; Hill and Robertson 1966; Felsenstein 1974; Li 1987; Charlesworth et al. 1993a ). We confirm these predictions, and thus our finding of reduced codon bias in areas of low recombination supports the hypothesis that observed differences in codon bias among D. melanogaster genes result, at least in part, from variation in natural selection acting on codon usage. Our findings do not indicate how natural selection is acting, but, given knowledge from unicellular For 382 of the loci included in the present study, the cumulative DNA position was determined from the polytene-chromosome position (e.g., 1 A, 1 B, and 1C). Recombination rate was estimated for each polytene-chromosome section, from the derivative of the polynomial from the appropriate chromosome (see Material and Methods) . Some values for the tip of the X chromosome were slightly negative and were converted to zero. The remaining three loci are on chromosome 4 and were assigned a recombination rate of zero (Hochman 1976) . Loci from polytene chromosome sections 1, 40-41, and 80-8 1 (i.e., the tip of the X chromosome, autosomal centromeres, and chromosome 4) are represented by blackened diamonds; loci from polytene-chromosome regions 2 1,60-6 1, and 100 (i.e., autosomal telomeres) are represented by blackened squares; and the remaining loci are represented by circles. 1246 Kliman and Hey organisms and supportive evidence from D. melanogaster, the most-parsimonious explanation is that natural selection limits codon usage in highly expressed genes via an effect of codon usage on the efficiency of translation.
Alternative explanations for the main result that do not invoke natural selection can also be considered. For example, highly expressed genes might be rare in regions of low recombination.
It is unfortunate that this can only be poorly addressed until more is known about levels of gene expression in D. melanogaster. It does not appear, however, that the regions of low recombination contain only lowly expressed genes. The 60A gene (located in map region 60) is reportedly expressed at high levels in third-instar larvae and pupae, as well as in adult males (Wharton et al. 199 1)) though it also has relatively high codon bias (ENC = 34.7, CA1 = 0.564). Lai et al. ( 199 1) report "prominent" expression of zfh-I (located in polytene-band region 100) and zfh-2 (on chromosome 4) in the developing central nervous system; zfh-l is moderately biased, but zfh-2 has very low codon bias (ENC = 59.1, CA1 = 0.2 10). The use gene, located near the tip of the X chromosome, is reported to be strongly expressed in the central nervous system (Gonzales et al. 1989 ) and also has low codon bias (ENC = 55.7, CA1 = 0.246). Finally, Fitch and Strausbaugh ( 1993) have noted that the histone genes, also highly expressed, have low codon bias (see Appendix ) . These genes are located in polytene-band region 39, fairly close to the centromere of chromosome 2. While this evidence is anecdotal, it does suggest that the regions of low recombination contain genes that are highly expressed and low biased. A second potential explanation for the relationship between codon bias and recombination rate is variation in G+C content. Given that the codons that occur disproportionately in highly biased loci of D. melanogaster end in G or C (Shields et al. 1988 ), our observation might be explained if areas of low recombination have generally lower G+C content than the remainder of the genome. To test this, we measured intron G+C content in all those genes for which intron sequences were available (see Appendix).
Both ENC and CA1 were found to be highly correlated to intron G+C content, with high intron G+C content associated with high codon bias (ENC: Spearman's r, = -0.325, 138 df, P < 0.000 1; CAI: Spearman's r, = 0.287, 150 df, P = 0.0005). However, G+C content does not explain the codon-bias difference in regions of high versus low recombination.
Although only 12 of the 142 genes with available intron sequences are in the regions of low recombination, they still show significantly lower codon bias than do genes found elsewhere. However, there is no significant regional difference in intron G+C content (table 2) . 
Models of Natural Selection
There remains uncertainty over exactly which of several population-genetic models best explain the observations.
The most general description of the interaction between natural selection and recombination rate is the Hill-Robertson effect (Hill and Robertson 1966; Felsenstein 1974) . In brief, natural selection, acting on a locus, will also affect the persistence of alleles at linked loci and will effectively inflate the variance in the reproductive success of linked loci. This accelerated rate of genetic drift can also be described as a reduction in effective population size. Standard population genetics holds that selection cannot proceed and overcome the effects of genetic drift if the product of the selective differential and the effective population size is $1 (e.g., see Dobzhansky et al. 1977, p. 306) . Thus, the Hill-Robertson effect can be described as a reduction in the effectiveness of natural selection in regions of low recombination.
A special, or extreme, case of the Hill-Robertson effect is genetic hitchhiking (Maynard Smith and Haigh 1974) , whereby strong directional selection on a favorable mutation leads to rapid fixation within the population of that mutation and of all linked nucleotide sites. Under this model, the codon-usage pattern from a single gene copy becomes fixed in the population, even if that codon-usage pattern is not optimal. The Hill-Robertson effect has been closely associated with another effect expected under low recombination:
Muller's ratchet (Muller 1964; Felsenstein 1974) . The "ratchet" refers to the successive loss from the population of genomes (or haplotypes, in regions of tight linkage) containing the fewest number of slightly deleterious mutations. By genetic drift, tight linkage inevitably leads to an increase in the number of slightly deleterious mutations per genome. While the ratchet leads to an increase in the number of mutations per genome, the Hill-Robertson effect leads to an increase in the fixation rate of mutations.
Both effects are predicted for slightly deleterious mutations under tight linkage, but the magnitudes of each effect can vary somewhat independently, depending on the selection model and the population size (Charlesworth b et al. 19933) . In terms of codon usage, the ratchet model alone predicts that individual sequences from genes in regions of low recombination should have low codon bias because of an elevated usage of "suboptimal"
codons. The ratchet model also predicts that there should be considerable variation among gene copies for codon usage, since genealogical lineages should independently accumulate different sets of slightly deleterious mutations.
In contrast, the Hill-Robertson effect would lead to both low codon bias and low variation among gene copies.
Another model, recently proposed, holds that regions of low recombination will have a reduced effective population size because of a high rate of deleterious mutations (Charlesworth et al. 1993~) . In this "background selection" model, the overall mutation rate to harmful mutations for blocks of genes in tight linkage is a function of the number of loci in the region. If this mutation rate is high, then, by mutation-selection balance, a large fraction of all genomes may carry deleterious mutations and, thus, have no chance of fixation. The effective population size for the region is reduced to that subset of genomes that do not carry deleterious mutations. Li ( 1987) has modeled the effectiveness of natural selection on codon usage and has found that even slight selective differences among codons can lead to strong codon bias. Li ( 1987) also modeled the reduced effectiveness of natural selection for codon usage under reduced recombination and found a large effect. Several different schemes were considered for combining the effects of multiple, very small selective differentials, with little effect on the results. These findings support the general Hill-Robertson effect 1248 Kliman and Hey as well as Muller's ratchet (Li 1987) , though hitchhiking, per se, and the backgroundselection model were not addressed.
To evaluate the different population genetic models, we must also consider the growing body of data on levels of DNA sequence variation in regions of low recombination in D. melanogaster. Loci near the telomere of the X chromosome (Begun and Aquadro 199 1)) near the centromere of the X chromosome ( Langley et al. 1993 ) , and on the fourth chromosome (Berry et al. 199 1) have very little intraspecific sequence polymorphism.
In general, loci in regions of reduced recombination are less polymorphic within D. melanogaster, though they have typical levels of interspecific divergence, as is expected if intraspecific polymorphism is limited by the effect of genetic hitchhiking (Begun and Aquadro 1992) .
The near lack of variation in areas of low recombination is strong support for a model of reduced effective population size, and all of the studies reported have invoked genetic hitchhiking.
The hitchhiking model is attractive because effective population size can be reduced to almost any level as a function of the strength and frequency of selective sweeps. Charlesworth et al. ( 1993a) discuss the background-selection model specifically within the context of the observation of low variation in D. melanogaster.
The authors conclude that, while deleterious mutations may make a significant contribution to the reduced levels of variation, the model cannot account for the complete lack of variation found in some portions of the genome and in some populations.
Our findings on codon bias may be at odds, in one respect, with data on levels of sequence variation. We found codon bias to be significantly diminished in regions of lowest recombination, but we found no correlation between codon bias and recombination rate in the remainder of the genome. This suggests that, once recombination rate exceeds some low threshold, selection against slightly deleterious codons proceeds without hinderance. In contrast, Begun and Aquadro ( 1992) observed a relationship between polymorphism and recombination rate in a sample of 20 loci that was consistent with a linear model (that is, as recombination rate increases, fixation of selectively advantageous mutations brings about loss of polymorphism in increasingly smaller genomic regions). The l data were very limited (Begun and Aquadro 1992) , but this pattern is also apparent in more recent data from the X and third chromosomes (D. Begun, E. Kindahl, and C. Aquadro, personal communication).
In a simplistic view, both reduced codon bias (via reduced natural selection) and reduced levels of variation are predicted for regions of reduced recombination, so it is not clear why they both exhibit an effect for recombination near zero but differ for intermediate levels of recombination.
It is possible that Muller's ratchet contributes to this apparent incongruity. Charlesworth et al. ( 1993b) found that the ratchet slows sharply once recombination rate reaches some threshold value; that is, the speed of Muller's ratchet is not linearly related to recombination rate. It may be that low codon bias in regions of very low recombination came about largely through the action of the ratchet. In contrast, polymorphism levels may vary more as a function of local effective population size which, with either a general Hill-Robertson effect or hitchhiking, may vary linearly with recombination rate.
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